The seasonal change of bacterial community structure in biofilms on the surface of reed (Phragmites australis) was investigated for about three years (from 2005 June to 2008 March) in Lake Biwa by comparing it with that in surrounding lake water. The community structure in biofilms was different from that in the lake water throughout the seasons and years. The community structure in lake water was similar in the same seasons of different years, corresponding to similar environmental factors (i.e., temperature, dissolved oxygen, and light intensity) and nutrient ion concentrations at the same season. However, the community structure in the biofilms was not similar in the same season of different years. This seems to be due to the formation of new biofilms on sprouted reeds in every early summer and the high nutrient concentrations and bacterial density in subsequently formed biofilms. Although the community structure in the biofilms changed along with the seasonal change, the bacteria belonging to Bacillus and Paenibacillus were detected in any season. This study revealed the possibility that the bacterial community structure in the initial stage of the biofilm formation govern the subsequent seasonal change of the community structure in biofilms.
In natural environments, microorganisms attach to surfaces and form biofilms. Biofilms are ubiquitous in aquatic environments and have been proposed and confirmed to have the ability to trap and retain ions, including nutrient ions (7, 10, 39) .
In Lake Biwa, where water temperature, dissolved oxygen (D.O.), and light intensity change seasonally with similar patterns every year, we have studied the biofilms on the surfaces of reeds and stones for about three years (from June 2005 to March 2008), and revealed that the interior of the biofilms is rich in nutrients, hundreds to thousands of times greater in nutrient ion concentrations, compared with the surrounding lake water. Furthermore, we have clarified for the first time that the nutrient ion concentrations in biofilms showed a similar seasonal change every year (high in winter and low in summer) synchronized with the change of lake water (39) . We found that the extracellular polymeric substances (EPS) of biofilms have electric charges (17) , and in a preliminary experiment, that biofilms accumulated the nutrient ions from surrounding water (unpublished data). The biofilms seem to accumulate the nutrient ions by the ion exchange process as proposed other study (10) , and form a nutrient-rich environment showing similar seasonal change to the lake water. The higher nutrient ion concentrations in biofilms and the seasonal change of the concentrations may influence the microbial community structure and activity in the biofilms. To investigate microbial community structures in biofilms by considering the internal environment of biofilms will lead to the understanding of the ecology of natural biofilms.
Several studies, although based on a short period (one year at most) of observation, have reported that the bacterial community structure in natural biofilms changes seasonally and that the change of the environment surrounding biofilms influenced the community structure of biofilms (1, 2, 5) . However, as far as we know, there have been no studies on the seasonal change of bacterial community structure over a period of several years that have considered the seasonal change of environmental factors in biofilms by comparing it with surrounding water.
Thus, in the present study, we aimed to clarify the bacterial community structure in the biofilms formed on reed surfaces along with seasonal changes over a period of several years.
The present study reveals the differences in bacterial community structure and its changes along with seasonal changes between biofilms and the surrounding lake water. We suggest that much higher nutrient ion concentrations and bacterial density in biofilms than those in lake water cause selective bacterial growth that results in differences between changes in bacterial community structure of the reed biofilm and those of the lake water.
Materials and Methods

Study area and sampling
Lake Biwa is located in the central part of the Japanese Archipelago (Lat. 35°15' N, Long. 136°05' E). The lake consists of two basins that differ in water quality, i.e., an oligotrophic northern basin (surface area of 614 km 2 , average depth of ca. 40 m) and a mesotrophic southern basin (56 km 2 , ca. 4 m).
Observations were carried out at three-month intervals on the shores of the northern (Hariehama) and southern (Konohama) basins of Lake Biwa. Young reed stems about 20 cm long were taken in 10-20 replicates from 10 cm below the water surface, and brought back to the laboratory in a plastic container filled with nearby lake water; the container was maintained at 4°C. Water samples were also collected in areas close (at a distance of ca. 1 m) to the reeds.
The biofilms on the surfaces of the reeds were removed with a sterilized toothbrush and suspended in 50 mL of sterilized distilled water, resulting in a suspension containing ca. 2 g (wet-weight) of biofilm. The suspension was shaken vigorously to disperse the biofilm, and stored at −40°C until DNA analyses were performed.
Extraction and purification of DNA from biofilm and lake water sample
The frozen biofilm suspension and lake water (2 mL each) were each placed in 15-mL sterilized tubes. The sample was dried in a freeze drier (VD-31, Taitec, Saitama, Japan) under vacuum for about 12 hours. The dried biofilm and lake water were used for DNA extraction and purification using Quick Gene (Quick Gene 800; Fujifilm, Tokyo, Japan) according to the manufacturer's instructions. A negative control without sample was also prepared from the vacuuming step, to check for contamination from the reagents and cross-contamination among samples.
PCR-DGGE
Variable regions III and V of the 16S rRNA gene were amplified using a primer set for bacteria: 341f-GC (Escherichia coli position 341-357), 5'-CGCCCGCCGCGCCCCGCGCCCGTCCCG CCGCCCCCGCCCGCCTACGGGAGGCAGCAG-3' (underlined sequence denotes the GC clamp) (22) ; and 907r (Escherichia coli position 926-907), 5'-CCCCGTCAATTCATTTGAGTTT-3' (6). The PCR mixture contained 25.0 µL of GoTaq (Promega, Madison, WI, USA), 4.0 µL of each primer (5 pmol each), 13 µL of Milli-Q water, and 4 µL of DNA template in a total volume of 50 µL. PCR amplification was performed in a thermal cycler (I-cycler; Bio-Rad Laboratories, Hercules, CA, USA). The amplification conditions were as follows: 95°C for 3 minutes (initial denaturation), followed by 30 cycles of 95°C for 1 minute, 52°C for 1 minute, and 72°C for 2 minutes, with a final extension step of 72°C for 10 minutes.
DGGE was performed in a 6% (w/v) acrylamide gel that contained a linear gradient of 30% to 65% denaturant (100% denaturant: 7 M urea, 40% [w/v] formamide) (26) . Aliquots (ca. 200 ng) of the PCR products were mixed with loading dye, loaded into the wells of the DGGE gel, and electrophoresed for 14 hours at 75 V and 60°C using the Dcode universal mutation detection system (Bio-Rad Laboratories, Hercules, CA, USA). A marker (5 µL, DGGE Marker II; Nippon Gene, Tokyo, Japan) was also loaded onto both sides of the gel to confirm the gradient of denaturant. After electrophoresis, the gel was soaked in SYBR Gold nucleic acid gel stain solution (Invitrogen, Eugene, OR) for 30 minutes and photographed under UV transillumination using Printgraph (DT-20MP; ATTO, Tokyo, Japan). The experimental procedures, from the extraction of DNA through to the analysis of DGGE patterns, were performed in duplicate using biofilm and lake water samples, and DGGE patterns were confirmed to be identical in duplicate samples.
Analysis of the DGGE banding patterns
The relevant positions of the DGGE bands in different lanes were aligned and confirmed by a banding pattern image analyzer (TotalLab; Shimadzu, Kyoto, Japan). Then, the presence and absence of the bands among the samples were scored using binary matrices. These matrices were translated into a distance matrix and used for the multidimensional scaling (MDS) (38) analysis by Primer 6 (Primer-E, Plymouth, UK). The DGGE bands detected for the bacterial 16S rRNA gene, which was amplified with the 341f-GC plus 907r primer set, were used.
Sequence analysis of DGGE bands
Most of visible DGGE bands (179 out of 199) were excised from DGGE gels with sterilized 1.0 mL pipette tips and suspended in sterilized water. DNA was recovered from the gels by freezingthawing more than two times. The recovered DNA was amplified and the mobility was checked on DGGE gels under the same conditions as those described above. The DNA that could be amplified and whose mobility could be confirmed (135 out of 179) was then sequenced by the Fasmac DNA Sequence Service (Kanagawa, Japan). The phylogenetic analysis was conducted using ca. 350-520 bp. The closest relatives of the sequences of DGGE bands were searched with the BLAST search program from the database of the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/), and the sequences were aligned using the CLUSTAL X program (version 1.83) (36) . A phylogenetic tree was constructed by the neighborjoining method with 1,000 bootstrap replicates.
Accession numbers
All sequences of the 16S rRNA gene determined in this study have been submitted to the DDBJ under the accession numbers AB594213-AB594347.
Results
Bacterial community structures in biofilm and lake water
In the present study, the bacterial community structures in biofilms and lake water were investigated for almost three years (from June 2005 to March 2008) by the PCR-DGGE method (Fig. 1A) . The DGGE banding patterns, hence the bacterial community structure, of the biofilm samples differed from those of the lake water samples throughout the experimental period at both sampling sites, northern and southern basins ( Fig. 1A ; comparison of the biofilm and lake water samples in the same sampling month).
Bacterial community structures in the biofilms and lake water in northern and southern basins.
Bacterial community structures in the biofilm samples were different between two sampling sites, the northern and southern basins in any sampling month ( Fig. 1A ; comparison of the northern and southern basins in the same sampling month). This was also the case for the lake water samples.
Changes of bacterial community structures in biofilms and lake water along with seasons and years
Bacterial community structures in the biofilm samples were different among various sampling months and years in both the northern and southern basins (Fig. 1A) . This was also the case for the lake water samples. These results mean that the bacterial community structures in both the biofilms and lake water changed throughout the experimental period.
In the MDS analysis ( Fig. 2) , the community structures in the lake water were similar among the samples taken in the same month for different years in both the northern and southern basins with some exceptions ( Figs. 2A and 2C ).
The community structures in the biofilms, however, were not similar in the same sampling months of different years (Figs. 2B and 2D). The community structure changed from one season to the next season differently every year. However, in the northern basin, the community structure in biofilms changed with some degree of regularity ( In the southern basin, the changing pattern of the community structure in biofilm was different from that in the northern basin; the community structure in March did not resemble that in June of the prior year (starting point) (Fig. 2D) .
The bacterial species found in biofilms and lake water
As shown in Table 1 and Fig. S1 , bacteria belonging to Alphaproteobacteria and Actinobacteria; Brevundimonas, Acinetobacter, and Microbacterium, were detected in many of the lake water samples of the present study. Although Betaproteobacteria have often been detected in fresh-water lakes (11, 12, 34) , other studies concerning Lake Biwa have also detected many bacteria belonging to Alphaproteobacteria throughout the seasons (27) . On the other hand, bacteria belonging to Firmicutes, Betaproteobacteria, and Gammaproteobacteria; Bacillus, Paenibacillus, Janthinobacterium, and Pantoea, were detected in the biofilm samples as well as other biofilms sampled from estuarine lakes and rivers (1, 5) .
For the biofilm samples, some bands appeared at the same position in the DGGE gel (positions I, II, and III in Fig. 1A ) in many different seasons and years. By the sequence analysis, it was clarified that many of these bands were affiliated with Bacillus and Paenibacillus (see Fig. 1B and Table 1 ). On the other hand, for the lake water samples, bands appearing at the same position were detected only among some different seasons in a year (positions IV and V in Fig. 1A ) and the same seasons of different years (bands S08-3W-3 AB594347 Microbacterium testaceum (GQ383916) 500/501 99% *1 The number corresponds to the number near the band in Fig. 1b . *2 'N' and 'S' stand for the northern and southern basins, respectively, and the number that follows is the sampling year. The subsequent number and letters indicate the sampling month and kind of sample (B for biofilm, W for lake water), respectively. The final number is the serial number. Table 1 . Phylogenetic affiliation of DGGE bands of the biofilm and lake water samples i-vi in Fig. 1A) ; no band appearing at the same position throughout seasons and years was detected.
Discussion
Bacterial community structure in lake water and its change Bacterial community structures in natural environments are influenced by changes of surrounding environmental factors such as temperature, D.O., light intensity, and nutrient concentrations (8, 16, 19, 33, 40, 41) . Some or a combination of these factors seem to govern the community structure and cause its seasonal change in lake water.
The community structure in the lake water was different between the northern and southern basins. This may be due to the higher BOD and total concentration of phosphorus in lake water of the southern basin than those of the northern basin (ca. 2 to 3 times) (http://www.lberi.jp/root/jp/ bkjhindex.htm).
The community structure in lake water changed seasonally and was similar in the same season every year in both basins. This may be due to seasonal changes of environmental factors and nutrient ion concentrations in lake water; similar in the same season of different years. The banding patterns of the lake water samples showed the existence of some bacteria in a specific season. There may be some bacteria suitable for the season that grow and/or come from surrounding river water in the season, contributing to the similar community structure in the same season.
The (29), and influenced the community structures.
The bacteria belonging to Brevundimonas, Acinetobacter and Microbacterium were detected in many of the lake water samples in the present study. Bacteria belonging to Brevundimonas and Acinetobacter are aerobic and have been detected in tap water and mineral water (3, 20, 25) . The aerobic conditions and low nutrient concentrations in the lake water may be suitable for these bacteria. Bacteria belonging to Microbacterium have been isolated from soil such as the rhizosphere of mangrove or rice plant (18, 35) . Some bacteria in the lake water near the reed community might be derived from the sediment soil.
Bacterial community structure in biofilms and its change
The bacterial community structure in the biofilms was different from that in the lake water throughout the period of experiment. In the study of the formation of the reed biofilm (17), we have revealed that the biofilm formation is rapid, and deduced that the biofilms adsorbed nutrient ions by EPS from surrounding lake water through electrostatic attractive force, and that microorganisms could grow and increase their number due to the continuous supply of nutrients. This seems to result in the further production of EPS by microorganisms, accelerating the adsorption of nutrient ions from surrounding lake water and causing the rapid growth of bacteria and formation of biofilm self-catalytically. In this case, the bacteria grown in the biofilms may differ from those in the lake water due to the high concentrations of nutrient ions in biofilms. The high nutrient concentrations in biofilms may cause selective bacterial growth, as is the case for the growth of different bacteria in the media with different nutrient concentrations for the same sample (15, 24) , and lead to the different community structure in biofilms from that in lake water. Besides, along with the biofilm formation, D.O. and probably light intensity will become lower in the inner region of biofilms apart from the biofilm surface where these will be kept at the same level with lake water (32) . These environmental factors in biofilms may also cause the selective bacterial growth and/or survival, leading to the different community structure in biofilms from lake water.
The nutrient ion concentrations in biofilms showed a similar seasonal change every year synchronized with those in the lake water. However, the community structure of biofilms was not similar in the same season every year, unlike that in lake water. It changed from a season to the next season differently every year. There seems to be other factor(s) than the nutrient ion concentrations to influence the community structure in biofilms.
The community structure in biofilms had the big spike between March and June in the northern basin. In early summer (late in May), the community structures in biofilms are forced to be formed from the very beginning due to the formation of new biofilms on sprouted reed stems. Different bacteria may attach to the reed surfaces and form biofilms of different community structure every year. The different community structure that formed in the initial stage of biofilm formation may also influence the change of the community structure of biofilms. Bacterial density in the biofilms is far greater than that in surrounding lake water (i.e., about hundreds to thousand times greater) (17, 44) , and the high density could cause a high level of bacterial interaction (7, 9, 14, 28) . The interaction among bacteria in biofilms may change every year due to the different community structure, resulting in the change of community structure in a different direction along with the seasons every year. However, the community structure in biofilms from June to next March changed with a similar pattern every year (the community structure in March resembled that in June of the previous year) though the direction of change was different every year. The seasonal change of nutrient ion concentrations in biofilms may cause this similar pattern.
The community structure in biofilms in the southern basin and its change were different from those in the northern basin. At the initial stage of biofilm formation, some bacterial cells in the lake water attach to the reed surface. The attached bacteria may differ between the two basins, leading to the different community structure in biofilms and its change in the two basins due to the bacterial interaction as mentioned above. Moreover, low water levels of Lake Biwa in December of 2005 and 2007 (http://www.biwakokasen. go.jp) caused the lack of data in the Decembers of southern basin, and also forced the biofilm to be exposed to air and drought stress. This may lead to the different community structure in March from that in June of the previous year in the southern basin biofilms.
The bacteria belonging to Bacillus and Paenibacillus were detected along with seasons and years in biofilm samples. These bacteria are capable of forming endospores (13, 31, 42) and producing EPS (4, 30) . These bacteria may contribute to forming the nutrient-rich environment inside biofilms by adsorbing nutrients from surrounding lake water with their EPS (7, 39, 43) , and also may survive in biofilms even under adverse conditions, resulting in their being detected in any season. The analysis of the relationship between the bacteria and the function of biofilms such as the accumulation of nutrient ions from the surrounding environment will be a further subject for research.
Bacteria that are associated with plants, such as Janthinobacterium (23) and Pantoea (21) as well as Paenibacillus (37), were detected in biofilm samples (Table 1, Fig. S1 ). Especially, bacteria belonging to Janthinobacterium have been detected as endophytic bacteria of reed roots (23) . These bacteria might come from the interior of reeds to biofilms. Investigation of the relationship between the bacteria in biofilms and the reed plant will be a future subject.
In conclusion, the bacterial community structure in reed biofilms changed along with seasons and years due to the formation of new biofilms as well as the change of environmental factors in the biofilms. The community structure in the initial stage of the biofilm formation seems to be important to govern the subsequent seasonal change of the community structure in biofilms.
